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Condensation of free volume in structures of nematic and hexatic liquid crystals
Richard J Mandle , Nina Stock, Stephen J Cowling , Rachel R Parker , Sam Hart, Adrian C Whitwood
and John W Goodby
Department of Chemistry, The University of York, York, UK
ABSTRACT
Eight novel liquid crystalline materials were prepared containing highly branched terminal chains,
either 2,4,4-trimethylpentyl or 3,5,5-trimethylhexyl. All materials exhibit nematic mesophases, with
additional smectic (Sm) C, hexatic B and SmI phases for certain homologues. Analysis by small- and
wide-angle X-ray scattering reveals continual build-up of the correlation length within the nematic
phases, where we also observe splitting of the small angle peak into four lobes, indicating pretransi-
tional Sm fluctuations. Connoscopy confirms the nematic phase to be uniaxial and optically positive.
We observe that in the solid state, the molecules exist as staggered antiparallel pairs as a conse-
quence of the sterically demanding bulky terminal group, and this would also appear to manifest in
the hexatic B phase, where the layer spacing was found to be greater than the molecular length. If
true, this is an example of pair formation driven by sterics rather than dipole–dipole interactions and
suggests that reentrant systems driven purely by steric frustration may be found.
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Introduction
Ferroelectric liquid crystals have the potential to out-per-
form nematic liquid crystals in electrooptic devices [1].
They exhibit faster response times, excellent viewing
angles and bistable operation [2], Due to a lack of materi-
als with desirable properties (e.g. birefringence [3], align-
ment, tilt angles and resistivities), this technology is as yet
unrealised on mass scale [4–14]. Optimisation of one
parameter can be to the detriment of others, for example,
birefringence can be lowered by incorporating cyclohexyl
rings in lieu of phenyl at the cost of reduced phase
stability and tilt angle. Previous studies demonstrated
that by incorporating bulky groups into the peripheral
aliphatic chains of materials that exhibited smectic (Sm)
C/C* phases, it is possible to enhance mesophase tem-
perature ranges and suppress melting points [9–14].
Additionally, halogen terminal groups have been
reported to stabilise lamellar phases in some systems
[15], but not in others [16]. These studies favour the
Wulf steric model [17] of the SmC phase as opposed to
the McMillan polar theory [18,19]. Thus, in this work,
materials with combinations of cyclohexyl units and
branched peripheral chains were targeted for the synth-
esis of ferroelectric hosts combining low birefringence
high Sm-phase stability and low melting points.
The compound hexyl 4-pentyloxybiphenyl-4′-car-
boxylate (65OBC) [20] was shown to be a member of
a family of esters that exhibited a SmB phase which did
not possess long-range periodic ordering of its consti-
tuent molecules. This material was shown by small-
and wide-angle X-ray scattering (SWAXS) to exhibit a
stacked hexatic B phase [21,22], which was the first
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example of a liquid crystal phase to be associated with
two-dimensional melting behaviour as predicted by
Halperin and Nelson [23] and the preceding work of
Kosterlitz and Thouless [24,25]. Hexatic phases were
thus predicted to possess long-range two-dimensional
(2D) orientational order coupled with short-range
positional ordering. As these systems existed in three-
dimensional (3D)-condensed phases, they were termed
3D-stacked hexatic phases [26,27] and were classified
as Sms B, F and I. In this study, we examine the effects
of the inclusion of terminal branching units in the
aliphatic chains on the interlayer interactions and the
resulting structures of the condensed phases that are
formed.
Experimental
The eight compounds uitilised in this work were pre-
pared as depicted in Scheme 1. The one-pot Mitsunobu
reaction between methyl 4-hydroxybenzoate (1) and
either 2,4,4-trimethylpentanol (TMP, 2) or 3,5,5-tri-
methylhexanol (3) followed by basic hydrolysis
afforded the benzoic acids 4 and 5 in high yield over
two steps. The subsequent Steglich esterification of 4
and 5 with the trans 4-alkylcyclohexylphenols 6–9
furnished compounds 10–17 in high yield and chemi-
cal purity as evidenced by reverse-phase high perfor-
mance liquid chromatography (RP-HPLC) assay.
Quantum chemical calculations were performed using
the Gaussian 09 revision e.01 suite of programmes [28].
The small-angle X-ray scattering set-up used is described
elsewhere [26]. Single-crystal diffraction data were
collected at 110 K on an Oxford Diffraction SuperNova
diffractometer with Cu-Kα radiation (λ = 1.54184 Å′
using an EOS CCD camera, see Supplementary data for
full details. The atomistic and configurational structures
of representative materials from both series were con-
firmed via X-ray diffraction on single crystals of com-
pounds 10 and 14 grown in a thermal gradient in neat
ethanol, see Figure 5 and Figure SI-2. Both materials are
all trans with a single gauche dihedral in the chain con-
necting the bulky group to the mesogenic core.
Results
We first examined the thermal behaviour of the TMP
(compounds 10–13)-terminated materials; transition
temperatures and enthalpies of transition are presented
in Table 1. Phase identification was made by polarised
Scheme 1.
Table 1. Transition temperatures (T, °C) and associated enthal-
pies (ΔH) for compounds 10–13 as determined by DSC at a
heat/cool rate of 10°C min−1.
No. m MP SmB-N N-Iso
10 2 T 76.2 – 83.0
ΔH 17.2 – 0.1
11 3 T 80.5 – 109.3
ΔH 43.9 – 0.8
12 4 T 61.4 51.5 99.3
ΔH 33.3 3.0 0.3
13 5 T 78.9 57.6 106.5
ΔH 23.9 2.8 0.6
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optical microscopy and assisted with SWAXS.
Transition temperatures and associated enthalpies of
transition were determined by differential scanning
calorimetry (DSC) at a heat/cool rate of 10°C min −1
and are the average of two runs.
Compounds 10–13l exhibit enantiotropic nematic
phases, with 12 and 13 exhibiting a monotropic SmB
phase on cooling. However, the optical textures of the
SmB phase (Figure 1(b)) were not of the typical mosaic
kind usually observed for the crystal B variant. Instead,
the lancets were curved, suggesting the phase-lacked
extensive long-range ordering that would be present in
a crystal B phase and suggesting that it is a hexatic B
phase. It should be noted that the natural texture of the
hexatic B phase has hitherto not been seen, as the defect
textures observed have been derived paramorphotically
from the SmA phase. Photomicrographs of the nematic
and Sm phases of compounds 13 are given in Figure 1.
We studied compounds 12 and 13 by X-ray scattering;
representative two-dimensional SWAXS patterns are
given in Figure 1(c,d). The small-angle scattering in the
nematic phase is split into four lobes of equal intensity;
azimuthal averaging of each frame in the range 2θ = 0.6–2
gave scattering intensity versus χ, allowing us to deter-
mine the angle between the connected lobes to be a
constant 70° (see Supplemental data, Figure SI-2). This
four-lobe pattern arises from cybotactic domains within
the nematic phase whose constituent molecules are tilted
away from the layer normal analogous to the SmC phase
[29]. The SmB phases of both 12 and 13 were unaglined
by the magnetic field, even when slowly cooled (1°C
min−1) from the nematic phase. Due to the short range
of supercooling, it was not possible to obtain scattering
patterns more than 2°C below the N-SmB phase transi-
tion for 12, whereas 13 typically crystallised unless the
sample was rapidly cooled into the SmB phase. The SmB
layer spacing of 12 was determined to be 30.0 Å, giving a
d/l ratio of 1.12 when using themolecular length obtained
from the B3LYP/6-31G(d) minimised geometry of 12
Table 2. Transition temperatures (T, °C) and associated enthal-
pies (ΔH) for compounds 14–17 as determined by DSC at a
heat/cool rate of 10°C min−1.
No. m MP SmI-SmC SmC-N N-Iso
14 2 T 68.3 – – 92.1
ΔH 35.6 – – 0.3
15 3 T 86.8 – – 120.7
ΔH 26.1 – – 0.3
16 4 T 80.8 – 42.8 112.9
ΔH 24.6 – 0.8 0.4
17 5 T 76.9 37.0 50.5 119.2
ΔH 19.0 0.4 1.1 0.4
Figure 1. (Colour online) Photomicrographs (100×) of the schlieren texture of the nematic phase of compound 13 (a, 104°C), the
curved lancet texture of the SmB phase of compound 13 along with homeotropic regions (b). 2D SWAXS patterns of (c) the
magnetically aligned nematic phase of 13 at 76°C, (d) an unaligned sample of the SmB phase of 13 at 50°C.
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(26.8 Å). Similarly, the SmB layer spacing of 13 was
determined to be 31 Å, affording a d/l ratio of 1.12
when using the minimised geometry of 13 (27.6 Å). The
fact that both compounds have layer spacings that are
slightly greater than the molecular length necessitates an
interdigitated structure, a point we will return to shortly.
As shown in Figure 3(b), the B phase exhibits optically
extinct regions due to homeotropic alignment; if
the molecules were tilted within the layers, a schlieren
texture would be observed, as seen for compound 17 in
the SmC/SmI phases (Figure 3(c,d)).
Compounds 14–17 (Table 2) were all found to exhi-
bit enantiotropic nematic phases. Whereas the longer
homologues of the 2,4,4-trimethylpentlyloxy series
exhibit a SmB phase, we find compounds 16 and 17
to exhibit tilted Sm phases. Tentative assignment as
SmC and SmI was made based on the presence of
four brush singularities in their schlieren textures
(Figure 2(a,b)) These observations exclude the possibi-
lity of the presence of anticlinic phases, which exhibit
additional two-brush defects. Therefore, the two phases
are drawn from the SmC or hexatic I and F groups.
POM indicated that the phases were SmC and SmI and
this was confirmed by construction of a phase diagram
between 17 and terepthalylidene-bis-p-n-decylaniline
(TBDA) – the SmF phase was suppressed whereas the
SmC and SmI phases were miscible at all concentra-
tions (Supplemental data, Figure SI-3).
The structures of tilted Sm phases of 16 and 17
formed sequentially on cooling from the nematic
phase were investigated by variable temperature
small- and wide-angle X-ray scattering (VT-SWAXS)
in applied magnetic fields. The two-dimensional X-ray
scattering patterns for the aligned compound 17 are
exemplified in Figure 2 for the SmC phase and the SmI
phase. The SmC phase exhibited only a first-order
reflection, whereas the SmI phase showed an additional
second-order reflection, indicating the presence of
long-range order perpendicular to the layer planes for
the I phase in comparison to that of the SmC phase.
Additionally, the scattering at wide angles was found to
increase in both intensity and definiton upon entering
Figure 2. (Colour online) Photomicrographs (100×) of the schlieren and fan textures of the SmC phase of 17 (a, 49.7°C), and schlieren
and fan textures of the SmI phase of 17 (b, 34.6°C). Plot of tilt angle (c, top) and layer spacing as a d/l ratio (c, bottom) for
compound 17, the dashed lines corresponding to the N–SmC and SmC–SmI transitions, respectively. Two-dimensional SWAXS
frames for a magnetically aligned sample of 17 in the SmC (d, 49°C) and SmI phases (e, 35°C) .
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the SmI phase, indicating an increase in organisation
within the plane of the layers.
The alignment of the SmC and I phases of com-
pound 17 in the applied magnetic field allowed the tilt
angle to be determined assuming that the terminal
bulky units were not interferring in packing at the
layer interfaces. In the SmC phase, the layer spacing
was observed to plateau at 25.4 Å, thereby giving a d/l
ratio of 0.86 when using the molecular length obtained
for the B3LYP/6-31G(d) minimised geometry of 17
(29.7 Å). The layer spacing was found to increase in
the SmI phase to give a maximum value of 27.0 Å prior
to crystallisation, i.e. a d/l ratio of 0.91. Thus, the tilt
angle in the SmC phase reached saturation at 30.5° and
decreased to 29.0° in the SmI phase, as shown in
Figure 2(c). If of course we use estimated molecular
lengths obtained by using the comparative layer spa-
cings obtained when the terminal groups are excluded,
as in the B phase, the tilt angles will be slightly larger.
When studied by VT-SWAXS, the nematic phases of
compounds 12, 13 and 17 were found to exhibit unre-
markable scattering patterns close to the clearing point
(Figure 3(a)). Upon futher cooling, the diffuse small-angle
scattering peak splits into four lobes of aproximately equal
intensity (Figure 3(b)). The angle of offset within the lobes
is temperature independent and takes a value of 70°. The
splitting of the small angle scattering peak into four lobes
is a consequence of pretransitional Sm fluctuations
[30,31]. As shown in Figure 3(c,d), conoscopy demon-
strates the nematic phase of 17 to be uniaxial and optically
positive. We note that the conoscopic figure does not
change across the entire nematic phase range.
The two principal methods for determination of the
tilt angle of fluid spectic phases are X-ray scattering and
optical measurements. However, these two methods give
significantly different results as the results from X-ray
diffraction are due to the tilt of the entire molecule,
whereas optical methods are sensitive to the tilt of the
pi-aromatic regions in the central molecular core [32]. In
the case where a direct N–SmC transition occurs a tilt
angle of 45° is usually expected, but in the case of
compound 17, the values obtained by SWAXS are far
lower than this value. However, such an outcome is
expected for a SmC phase based on the steric Wulf
model, wherein the aliphatic chains are aproximately
parallel with one another but with the central core
being tilted with respect to this axis. If we assume that
both alkyl chains are perpendicular to the layer planes,
and that only the aromatic core tilts, we can determine
an estimated angle between the core and the two alipha-
tic chains that satisfies the measured d/l ratio. Using
molecular lengths obtained at the B3LYP/6-31G(d)
level of density functional theory (DFT), it can be cal-
culated that the subdivisions of the molecule (chain-
core-chain) have lengths of 8.3 Å, 14.9 Å and 6.1 Å,
respectively, as shown in Figure 4; in order to satisfy a
layer spacing of 25.4 Å (a d/l ratio of 0.86), such lengths
require a chain-core angle of 45°.
The slighly greater layer spacing than the molecular
length suggests that the bulky end groups tend to be
squeezed into the interfaces between the layers via size
exclusion, as similarly reported previously for the SmA
phases of substituted cyanobiphenyls [10]. This displa-
cement of sterically demanding end groups into the
layer interfaces is similarly manifested in the solid
state as shown by the unit cells of 10 and 14
(Figure 5). The formation of antiparallel pairs in
strongly polar liquid crystalline materials (e.g. 4-cyano-
biphenyls, 4-nitrobiphenyls) [33,34] is a well-known
and well-studied phenomenon; however, in the present
case, the pairing is driven purely by steric factors. The
term ‘steric dipole’ was introduced by Petrov et al. to
Figure 3. (Colour online) (a) 2D SWAXS pattern of the nematic
phase of 17 at 115°C; (b) 2D SWAXS pattern of the nematic
phase of 17 at 63°C; (c) conoscopic figure obtained for the
nematic phase of compound 17 sandwiched between glass
treated with trichlorooctadecylsilane to give homeotropic align-
ment; (d) insertion of a ¼ waveplate allows determination of the
optic sign as positive.
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describe the phenomenon of sterically induced pair
formation [35], and we reuse this term here.
Staggered pair formation through steric factors has
been observed in the solid state of polycatenar materi-
als [36], as well as in siloxane terminated compounds
via microphase segregation [37–39]. The chemical
incompatibility of hydrocarbon and fluorocarbon seg-
ments generally leads to bilayer type phases when both
are incorporated at opposite ends of a rod-like liquid
crystal [40–42], but can also drive pair formation
[43,44]. Moreover, the competition between chemical
incompatibility between –CH2−/–CF2− and steric
dipole effects can drive the formation of fluctuated
lamellar phases [45] and bicontinuous cubic phases
[46]. In the present case, the staggered antiparallel
pairing resulting from the incorporation of bulky
groups is not accompanied by micro/nanophase segre-
gation due to chemical incompatibility and would
therefore appear to be a purely steric phenomenon. It
is well known that dipole–dipole antiparallel pairing
can lead to re-entrant phase transitions [47], similarly
re-entrant behaviour has been observed in polycatenar
systems where the pair formation is a consequence of
steric factors only [48]. Although we do not observe re-
entrant behaviour in the present systems, we expect
that such behaviour is possible in rod-like materials
whereby the antiparallel pairing is driven by the pre-
sence of a single branched alkyl chain, much like the
re-entrant behaviour observed in some double-swal-
low-tailed compounds [49]
We anticipated that if the antiparallel pairing in the
solid state (Figure 5) is also found in the liquid crystalline
state, there should be some impact on the correlation
lengths. For example, in the SmB/I phases, the pairing
would probably reduce any possible interdigitation and
thus the out-of-plane correlation length might be rather
short, whereas the in-plane correlations will take fairly
typical values. There is already some evidence for pairing
from the SmB layer spacing and the seemingly low SmC
tilt angles. We therefore measured the correlation length
in-plane and out-of-plane compounds 13 and 17 as
follows. A Voigt fit to the raw scattering data was used
Figure 4. (Colour online) (a) Cartoon depiction of the subdivisions of the molecular structure of compound 17 overlaid atop the
B3LYP/6-31G(d) optimised geometry with the molecular length and approximate dimensions of molecular subdivisions indicated
and (b) cartoon depiction of the tilt angle between the mesogenic core (green) and the alkyl chains (blue and red), which is
required to achieve a layer spacing of 25.4 Å.
Figure 5. (Colour online) The unit cells of compounds 10 (A,
P21/C symmetry) and 14 (B, P21/n symmetry) displayed with
thermal elipsoid model (50% probability level) as obtained by
X-ray diffraction on single crystals grown from ethanol with a
thermal gradient.
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to determine the full width at half maximum (FWHM)
for both the wide- and small-angle scattering peaks, this
was corrected for instrumental broadening against a
sample of silver behenate, purchased from TCI chemicals
[50]. From the FWHM, we obtain the correlation
length, which is plotted as a function of reduced tem-
perature (T/TN-Iso, K/K) in Figure 6. For each material,
there is a continuous increase in correlation length par-
allel to the director across the entire nematic phase ring,
while the value perpendicular to the director remains
constant. For 13, both correlation lengths increase shar-
ply at the N–SmB phase transition to ~500 Å and
~200 Å, respectively, consistent with those reported for
the hexatic phase of hexyl pentyloxybiphenyl-4-carbox-
ylate 65OCB [21,22]. Crystallisation of the sample pre-
vented obtaining values in the SmB phase of 12;
however, the increase in both in-plane and out-of-plane
correlation lengths across the nematic phase range is
comparable to that of 13. Whereas the hexatic B phase,
the phase under examination has only short to quasi-
long range in-plane positional order, the crystal B phase
has long-range positional ordering both parallel and
perpendicular to the director. Thus, measurement of
correlation length supports the assignment as a hexatic
B phase (i.e. SmBhex) rather than a crystal B phase, this is
supported by the relatively small enthalpy value of the
N–SmB transition (3.0 kJ mol−1).
For 17, the correlation length perpendicular to the
director increases to ~500 Å at the N–SmC transition
whereas perpendicular to the director there is a more
modest increase, supporting the assignment as a fluid Sm
phase. At the SmC–SmI transition, there is a small increase
in the out-of-plane correlation length to ~600 Å, while the
in-plane correlation jumps to ~200 Å. Such values are
consistent with the absence of hexatic packing in the SmC
phase and the onset of hexatic packing in the SmI phase.
These results indicate that the nematic phases exhi-
bit increasing fluctuations of the lower temperature
phases as the first-order phase transitions to SmB or
SmC phases approach upon cooling, and that the fluc-
tuations can be observed in temperature ranges well
beyond these phase transitions. In the SmB and SmI
phases, the in-plane correlation lengths are quasi-long
range, as expected for hexatic phases, whereas for the
SmC phase of 17, they are only marginally larger than
those of the nematic phase. After the transition into a
Sm phase, the out-of-plane correlation length increases
sharply, thus out-of-the-plane organisation can be con-
sidered a quasi-one-dimensional crystal, based upon
the repeats of the layers. However, due to the screening
between the layers due to the bulky end groups, trans-
lation of the local packing arrangements between layers
is unlikely. Thus, the bond orientational ordering in
the B and I phases is probably contained within the
layers and is not translated between layers and there-
fore the B and I phases are probably 2D, rather than
stacked 3D hexatic phases as described in the studies
on the first hexatic liquid crystal 65OBC.
Discussion
We have presented eight novel liquid crystalline mate-
rials composed of a 4-(4-alkylcyclohexyl)phenyl benzo-
ate mesogenic unit and featuring one of two highly
branched terminal chains (2,4,4-trimethylpentyloxy or
3,5,5-trimethylhexyloxy). All eight materials exhibit
enantiotropic nematic phase, with longer homologues
exhibiting either SmB (12 and 13) or SmC (16) or SmC
and SmI (17) phases. When studied by small-angle
X-ray scattering, we find that the layer spacings of the
SmB phases are larger (i.e. not commensurate) with the
molecular lengths (obtained at the B3LYP/6-31G(d)
level of DFT), one explanation for this is that there is
a degree of staggered antiparallel correlation of adja-
cent molecules (i.e. pair formation through steric
effects). Compounds 10 and 14 were studied by X-ray
Figure 6. (Colour online) Correlation lengths parallel (ζ||, Å) and perpendicular (ζ┴, Å) to the director for compounds 12 (a),13 (b)
and 17 (c) determined by SWAXS as described in the text. Dashed lines correspond to phase transitions.
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diffraction on single crystals, and we observe staggered
antiparallel packing in the solid state of both materials.
We predict that this phenomenon could be exploited to
lead to further examples of re-entrant phase transition
driven entirely by shape segregation of molecules, and
we note that some potential examples of this type of
behaviour have been reported in calamitics [51–54]
along with experimentally confirmed examples in poly-
catenar materials [48]. For the SmC and SmI phases of
17, the layer spacing is somewhat less than the mole-
cualr length, as expected for a tilted Sm phase.
Melting in 2Dwas described in the work of Berezinski,
Kosterliz and Thouless (BKT), where BKT transitions can
be found in 2D systems that are approximated by an XY
model, including Josephson junction arrays, thin disor-
dered superconducting granular films and 2D supercon-
ductor-insulator transitions [55]. In the 2D XYmodel for
disordered phases with differing correlations, a second-
order phase transition is not predicted. However, a low-
temperature quasi-ordered phase with a correlation func-
tion that decays orderly with distance and temperature is
predicted [56]. The transition from the high-temperature
disordered phase with the exponential correlation (such
as a nematic-like phase) to a low-temperature quasi-
ordered phase (such as a SmB) is a transition of infinite
order. Halperin and Nelson developed this theory to
include 2D melting in liquid crystal films [23], and the
first 3D analogue was found in 65OBC where the local
hexagonal packing array of the molecules was not
extended over long distances, but decayed geometrically
[22]. However, the orientation of the local hexagonal
array extended over long distances in 3D and was termed
‘bond-orientational order’. The screening out of the inter-
layer interactions in the B and I phases of the materials
described indicates that they may be examples of 2D
hexatics. As with the twist grain boundary phases, the
2D hexatics share some of the same fundamental proper-
ties and structures with those of superconductors.
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